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We investigated the association of dietary intake of major types of fatty acids with heart disease
mortality in a general adult cohort with or without a prior diagnosis of myocardial infarction (Ml).
This cohort study included US adults who attended the National Health and Nutrition Examination
Surveys from 1988 to 2014. Heart disease mortality was ascertained by linkage to the National Death
Index records through 31 December 2015. Cox proportional hazards models were used to estimate
hazard ratios (HRs) and 95% confidence intervals (Cls) of fatty acid intake for heart disease mortality.
This cohort included 45,820 adults among which 1,541 had a prior diagnosis of MI. Participants were
followed up for 532,722 person-years (mean follow-up, 11.6 years), with 2,313 deaths recorded

from heart disease being recorded. Intake of saturated (SFAs) and monounsaturated fatty acids
(MUFASs) was associated with heart disease mortality after adjustment for all the tested confounders.
In contrast, a 5% higher calorie intake from polyunsaturated fatty acids (PUFAs) was associated

with a 9% (HR, 0.91; 95% Cl 0.83-1.00; P =0.048) lower multivariate-adjusted risk of heart disease
mortality. Sub-analyses showed that this inverse association was present in those without a prior
diagnosis of MI (HR,0.89; 95% CI 0.80-0.99) but not in those with the condition (HR, 0.94; 95% CI
0.75-1.16). The lack of association in the Ml group could be due to a small sample size or severity

and procedural complications (e.g., stenting and medication adherence) of the disease. Higher PUFA
intake was associated with a favourable lipid profile. However, further adjustment for plasma lipids
did not materially change the inverse association between PUFAs and heart disease mortality. Higher
intake of PUFAs, but not SFAs and MUFAs, was associated with a lower adjusted risk of heart disease
mortality in a large population of US adults supporting the need to increase dietary PUFA intake in the
general public.

Heart disease is the leading cause of death in the US and responsible for about one third of all deaths; about
697,000 people died from heart disease in 2020 alone’. Heart disease was estimated to cost the US about $229
billion each year from 2017 to 20182 Therefore, research identifying robust heart disease risk factors is critical
for prevention’. The American Heart Association has recommended lowering dietary saturated fatty acid (SFA)
intake as important for reducing cardiovascular events since 1961*°. Advice to substitute SFAs with monounsatu-
rated (MUFAs) and polyunsaturated fatty acids (PUFAs) has been a cornerstone of worldwide dietary guidelines
over the past 60 years*” as unsaturated fatty acids protect against cardiovascular disease in many studies®.
To date, 11 published randomised controlled trials (RCTs)®2! have investigated the effect of dietary PUFAs
on cardiovascular disease events and mortality (Supplementary Table 1). The American Heart Association rec-
ommendations are supported by a number of RCTs that showed that replacing SFAs with PUFAs reduced the
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risk of myocardial infarction (MI) and coronary heart disease death®-'’. It has, however, been unclear what is
the relative importance of reducing SFA intake versus increasing PUFA intake in reducing cardiovascular risk.
Notably, a number of meta-analyses suggest that reducing SFA intake does not protect against heart disease
mortality?>?. Of note, these RCTs used very high doses of PUFAs in the intervention group (mean percentage
of calories from PUFAs, 17.2% versus 5.7% in the control group; Supplementary Table 2), which do not likely
represent dietary intake in the general public.

The protective effect of PUFAs has also been challenged in recent years. For example, the reanalysis of the
Sydney Diet Heart Study in 2013% and the Minnesota Coronary Survey in 2016*! showed that increasing intake
of PUFAs may increase the risk of coronary heart disease mortality. The importance of MUFA intake in heart
disease is also controversial. MUFAs have been regarded as protective against heart disease>*; however, a meta-
analysis of six prospective cohort studies* found that MUFA intake had no influence on coronary heart disease
events. Moreover, whether increasing PUFAs could be a secondary preventive approach against heart disease is
controversial. The Medical Research Council Soy Oil Trial* and the Diet and Reinfarction Trial'” showed that
increased PUFA intake did not protect patients with a past history of MI; whereas the Oslo Diet-Heart Study®
showed that increased PUFA intake reduced the risk of recurrent MI, angina or sudden death in those with
pre-existing coronary heart disease. In addition, the Rose Corn Oil Trial'? and the Sydney Diet Heart Study'+*
reported that higher intake of PUFAs increased the risk of death in patients with pre-existing coronary heart
disease.

Given this inconsistent evidence, a large cohort study with an extensive follow-up period is required to
resolve the importance of intake of fatty acids in the general population. The current study aimed to investigate
the association between fatty acid intake and heart disease mortality in a general cohort of 45,820 US adults who
participated in the National Health and Nutrition Examination Survey (NHANES) from 1988 to 2014, stratified
by a prior diagnosis of MI.

Results

General characteristics. This study included 45,820 US adults with a mean (SD) age of 45.7 (17.3) years.
A total of 1,541 participants had a prior diagnosis of MI. The mean percentage of calories from usual intake of
SFAs, MUFAs, and PUFAs in this cohort was 11.0%, 12.4%, and 7.4%, respectively, and the intake was similar
between those with and without MI (11.0% versus 11.0%, 12.5% versus 12.4%, and 7.5% versus 7.4%, respec-
tively; Table 1). Compared with those without a prior diagnosis of MI, people with the condition were older,
more likely to be males, obese and smokers, had lower income and education, and a higher prevalence of hyper-
tension, hypercholesterolemia, and diabetes (Table 1).

Association of usual intake of fatty acids with heart disease mortality. This cohort was followed
up for 532,722 person-years with a mean follow-up of 11.6 years. During the follow-up, 2,313 deaths from heart
disease were recorded. Usual intake of SFAs and MUFAs was not associated with the risk of mortality from heart
disease after adjustment for all the tested confounders (Table 2). In contrast, a 5% higher calorie intake from
PUFAs was associated with a 9% lower multivariate-adjusted risk of heart disease mortality (HR, 0.91; 95% CI
0.83-1.00; P=0.048; Table 2). Sub-analyses showed that this inverse association was present in those without a
prior diagnosis of MI (HR, 0.89; 95% CI 0.80-0.99; P=0.032) but not in those with the condition (HR, 0.94; 95%
CI 0.75-1.16; P=0.546; Table 2). The inverse association of PUFAs with heart disease mortality seemed mainly
attributed to n6 fatty acids (Supplementary Table 3).

Similar results were obtained when the percentage of calories from fatty acids was treated as a categorical
variable (i.e., quartile). In participants without a prior diagnosis of MI, people with PUFA intake in the highest
quartile (mean percentage of calories from PUFAs in this quartile =10.2%) had a 13% lower multivariate-adjusted
risk of heart disease mortality (HR, 0.87; 95% CI 0.77-0.99; P=0.029; Table 3) compared to those with an intake
of PUFAs in the lowest quartile (mean percentage of calories from PUFAs in this quartile =5.0%). However,
in participants with a prior diagnosis of MI, quartiles of PUFA intake were not associated with heart disease
mortality risk (Table 3).

When the amount (measured in g) of usual intake of fatty acids was used, a 1-natural-log higher PUFA
intake (e.g., 27 g versus 10 g per day) was associated with an 11% (HR, 0.89; 95% CI 0.79-1.00; P=0.041) lower
multivariate-adjusted risk of heart disease mortality. Similarly, this association was present in those without a
prior diagnosis of MI (HR, 0.87; 95% CI 0.77-0.99; P=0.035; Supplementary Table 4) but not in those with the
condition (HR, 0.93; 95% CI 0.70-1.22; P=0.577).

Sensitivity analysis. Similar results were obtained when imputed data were not used, via (1) using cat-
egorical variables (Supplementary Tables 5-6) or (2) excluding those who had missing data (Supplementary
Tables 7-8). Similar results were also obtained when fatty acid intake was expressed as mean intake from the two
survey days (Supplementary Table 9), when the analysis was further adjusted for C-reactive protein (Supplemen-
tary Table 10) or total energy intake (Supplementary Table 11) or the use of aspirin and statin (Supplementary
Table 12), when those who had a mean total caloric intake of <500 or > 3,500 kcal/day were excluded (Supple-
mentary Table 13), or when total cholesterol was replaced with LDL cholesterol for adjustment (Supplementary
Table 14).

Association of fatty acid intake with lipid profile in 44,279 adults without a prior diagnosis of
MI. Dietary intake of SFAs and MUFAs was associated with both favourable and unfavourable lipid profiles:
higher intake of SFAs and MUFAs was associated with slightly but significantly higher levels of total cholesterol,
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Prior diagnosis of MI

Variables Yes No Overall P value*
Sample size 1,541 44,279 45,820 NA
Age, y, mean (SD) 65.3 (13.1) 45.0 (17.0) 45.7 (17.3) <0.001
SFA,’ g/d, median (IQR) 21.3(15.7-28.2) |24.0(17.9-31.8) |24.0(17.8-31.7) | <0.001
MUFA, g/d, median (IQR) 23.9(18.4-31.7) |27.3(20.5-35.8) |27.2(20.4-35.7) | <0.001
PUFA,} g/d, median (IQR) 14.5 (10.5-19.2) | 16.1 (12.0-21.2) | 16.1(11.9-21.2) | <0.001
Protein,” g/d, median (IQR) 71 (56-88) 78 (62-97) 78 (62-96) <0.001
Carbohydrate,” g/d, median (IQR) 224 (173-274) 247 (196-309) 246 (195-308) <0.001
Caloric % from SFA, %, mean (SD) 11.0 (2.6) 11.0 (2.6) 11.0 (2.6) 0.998
Caloric % from MUFA,? %, mean (SD) 12.5(2.7) 12.4 (2.7) 12.4 (2.7) 0.092
Caloric % from PUFA, %, mean (SD) 7.5 (2.1) 7.4(2.1) 7.4 (2.1) 0.039
Sex (male), n (%) 1,017 (66.0) 20,421 (46.1) 21,438 (46.8) <0.001
Ethnicity, n (%)

Non-Hispanic white 941 (61.1) 19,216 (43.4) 20,157 (44)

Non-Hispanic black 276 (17.9) 10,166 (23.0) 10,442 (22.8) <0001
Hispanic 265 (17.2) 12,298 (27.8) 12,563 (27.4)

Other 59 (3.8) 2,599 (5.9) 2,658 (5.8)

Obesity, n (%)

Underweight 24 (1.6) 716 (1.6) 740 (1.6)

Normal 329 (21.3) 13,758 (31.1) 14,087 (30.7)

Overweight 528 (34.3) 14,895 (33.6) 15,423 (33.7) <0.001
Obese 629 (40.8) 14,535 (32.8) 15,164 (33.1)

Unknown 31(2.0) 375(0.8) 406 (0.9)

Poverty-income ratio, n (%)

<130% 568 (36.9) 12,340 (27.9) 12,908 (28.2)

130%-349% 543 (35.2) 15,775 (35.6) 16,318 (35.6) o001
>350% 315 (20.4) 12,692 (28.7) 13,007 (28.4)

Unknown 115 (7.5) 3,472 (7.8) 3,587 (7.8)

Education, n (%)

<High school 622 (40.4) 12,414 (28.0) 13,036 (28.5)

High school 382 (24.8) 11,297 (25.5) 11,679 (25.5) <0001
>High school 531 (34.5) 20,473 (46.2) 21,004 (45.8)

Unknown 6(0.4) 95(0.2) 101 (0.2)

Physical activity, n (%)

Inactive 366 (23.8) 11,148 (25.2) 11,514 (25.1)

Insufficiently active 383 (24.9) 16,576 (37.4) 16,959 (37.0) <0.001
Active 790 (51.3) 16,541 (37.4) 17,331 (37.8)

Unknown 2(0.1) 14 (0.0) 16 (0.0)

Alcohol consumption, n (%)

0 drink/week 454 (29.5) 7,235 (16.3) 7,689 (16.8)

<1 drink/week 316 (20.5) 11,252 (25.4) 11,568 (25.2)

1-6 drinks/week 215 (14.0) 9,637 (21.8) 9,852 (21.5) <0.001
>7 drinks/week 166 (10.8) 5,800 (13.1) 5,966 (13.0)

Unknown 390 (25.3) 10,355 (23.4) 10,745 (23.5)
Smoking status, n (%)

Past smoker 343 (22.3) 10,024 (22.6) 10,367 (22.6)

Current smoker 673 (43.7) 9,890 (22.3) 10,563 (23.1) <0.001
Never 525 (34.1) 2,4345 (55) 24,870 (54.3)

Unknown 0(0.0) 20 (0.0) 20 (0.0)
Hypertension, n (%)

Yes 1,037 (67.3) 12,357 (27.9) 13,394 (29.2)

No 503 (32.6) 31,669 (71.5) 32,172 (70.2) <0.001
Unknown 1(0.1) 253 (0.6) 254 (0.6)
Hypercholesterolemia, n (%)
Continued
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Prior diagnosis of MI
Variables Yes No Overall P value*
Yes 868 (56.3) 11,053 (25.0) 11,921 (26.0)
No 496 (32.2) 19,110 (43.2) 19,606 (42.8) <0.001
Unknown 177 (11.5) 14,116 (31.9) 14,293 (31.2)
Diabetes, n (%)
Yes 409 (26.5) 3,637 (8.2) 4,046 (8.8)
No 1,089 (70.7) 40,028 (90.4) 41,117 (89.7) <0.001
Unknown 43 (2.8) 614 (1.4) 657 (1.4)

Table 1. Baseline characteristics of 45,820 participants. *Comparison between those with or without a prior
diagnosis of MI. PRepresenting the usual intake of nutrients. d day, IQR Interquartile range, MI Myocardial
infarction, MUFA Monounsaturated fatty acid, » number, NA Not applicable, PUFA Polyunsaturated fatty acid,
SD Standard deviation, SFA Saturated fatty acid.

SFA MUFA PUFA

Models HR (95% CI) Pvalue | HR (95% CI) Pvalue | HR (95% CI) Pvalue
Overall (N=45,820)
Model 1 | 1.19(1.11-1.28) | <0.001 | 1.13 (1.05-1.21) | 0.002 | 0.81(0.74-0.89) | <0.001
Model 2 1.17 (1.08-1.26) <0.001 | 1.06 (0.99-1.14) | 0.118 0.83 (0.75-0.92) <0.001

Model 3 1.00 (0.93-1.08) 0.986 | 0.93 (0.86-1.01) | 0.074 0.89 (0.81-0.97) 0.012
Model4 | 1.02 (0.94-1.10) 0.673 | 0.95(0.88-1.03) | 0.224 | 0.91 (0.83-1.00) 0.048
Participants with prior MI (N =1,541)

Model 1 1.12 (0.94-1.33) 0.198 | 1.10 (0.94-1.30) | 0.245 0.94 (0.75-1.17) 0.571
Model 2 1.11 (0.93-1.33) 0.234 | 1.08 (0.91-1.27) | 0.386 0.93 (0.75-1.17) 0.549
Model 3 1.01 (0.84-1.23) 0.892 | 0.95 (0.80-1.13) | 0.590 0.95 (0.77-1.18) 0.649

Model 4 1.05 (0.86-1.27) 0.652 | 0.95 (0.80-1.13) | 0.540 0.94 (0.75-1.16) 0.546
Participants without prior MI (N =44,279)
Model 1 1.21 (1.12-1.32) <0.001 | 1.12(1.04-1.22) | 0.005 0.79 (0.71-0.88) <0.001
Model 2 1.20 (1.10-1.30) <0.001 | 1.06 (0.97-1.15) | 0.185 0.80 (0.72-0.90) <0.001
Model 3 1.03 (0.94-1.12) 0.572 | 0.94 (0.86-1.02) | 0.121 0.86 (0.78-0.96) 0.007
Model 4 1.04 (0.95-1.13) 0.413 | 0.96 (0.88-1.05) | 0.340 0.89 (0.80-0.99) 0.032

Table 2. A 5% higher calorie intake from usual intake of fatty acids and risk for heart disease mortality among
45,820 adults. Model 1: adjusted for age; Model 2: adjusted for age, sex, and ethnicity; Model 3: adjusted for
age, sex, ethnicity, obesity, poverty-income ratio, education, physical activity, alcohol consumption, smoking
status, survey period, usual intake of protein (natural log transformed), and usual intake of carbohydrate
(natural log transformed); Model 4: adjusted for all the factors in Model 3 plus systolic blood pressure (natural
log transformed), total cholesterol (natural log transformed), and hemoglobin A, (natural log transformed).
CI Confidence interval, HR Hazard ratio, MI Myocardial infarction, MUFA Monounsaturated fatty acid, PUFA
Polyunsaturated fatty acid, SFA Saturated fatty acid.

LDL cholesterol, and HDL cholesterol, and associated with a slightly but significantly lower level of triglyceride
(Fig. 1).

In contrast, higher intake of PUFAs was associated with favourable profiles across all lipid species, i.e., lower
total cholesterol, lower LDL cholesterol, lower triglyceride, and higher HDL cholesterol (Fig. 1). However, after
further adjustment for all these lipid variables, the inverse association between PUFAs and risk of heart disease
mortality remained significant in those without a prior diagnosis of MI (Table 4).

Discussion
Using a large representative cohort of US adults (N =45,820) with an extensive follow-up period of 11.6 years
(mean), this study revealed that percentage of calories from usual intake of SFAs and MUFAs was not associated
with adjusted risk of heart disease mortality. By contrast, percentage of calories from usual intake of PUFAs
was inversely associated with heart disease mortality risk and this inverse association was only present in those
without a prior diagnosis of ML

Similar findings were obtained regardless of whether the amount (g) of usual intake of fatty acids or percent-
age of calories from the mean intake of fatty acids were used for analysis. Similar findings were also obtained
when the usual intake of fatty acids was treated as categorical variables (quartiles). In addition, the findings
remained similar when the missing data were not imputed, either by excluding those small number of participants
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SFA

MUFA PUFA

Quartile | %Cal* ‘Gram" ‘HR‘ (95% CI) Pvalue | %Cal® ‘Gra.m" ‘HR‘ (95% CI) Pvalue | %Cal* ‘Gram" ‘HR‘ (95% CI) Pvalue

Overall (N =45,820)

Q1 7.7%

16.0

Reference 9.1% 18.6 Reference 5.0% 10.9 Reference

Q2 10.1%

22.1

1.00 (0.89-1.13) 0.963 11.5% 25.3 0.91 (0.80-1.03) 0.121 6.6% 14.7 0.98 (0.88-1.10) 0.737

Q3 11.7%

26.4

1.00 (0.88-1.13) 0.972 13.1% 29.7 1.04 (0.92-1.17) 0.540 7.9% 17.4 0.88 (0.78-0.99) 0.035

Q4 14.3%

32.1

1.06 (0.94-1.20) 0.313 15.8% 35.5 0.94 (0.83-1.06) 0.278 10.2% 21.7 0.91 (0.82-1.02) 0.115

Participants with prior MI (N =1,541)

Q1 7.7%

9.9

Reference 9.2% 16.4 Reference 5.1% 9.9 Reference

Q2 10.0%

13.1

1.00 (0.76-1.32) | 0.988 11.6% | 229 1.04 (0.79-1.37) | 0.767 67% | 13.1 1.07 (0.81-1.40) | 0.638

Q3 11.8%

159

1.17 (0.88-1.54) 0.279 13.2% 26.6 0.98 (0.75-1.29) 0.905 8.0% 159 0.87 (0.66-1.15) 0.317

Q4 14.3%

19.5

1.12 (0.85-1.49) 0.423 16.0% 31.7 0.99 (0.75-1.31) 0.927 10.3% 19.5 0.96 (0.74-1.24) 0.756

Participants without prior MI (N =44,279)

Q1 7.7%

16.0

Reference 9.1% 18.7 Reference 5.0% 10.9 Reference

Q2 10.1%

22.2

1.01 (0.88-1.15) 0.935 11.5% 25.4 0.90 (0.78-1.04) 0.145 6.6% 14.8 0.95 (0.83-1.08) 0.409

Q3 11.7%

26.5

0.98 (0.85-1.13) 0.777 13.1% 29.9 1.05 (0.92-1.20) 0.504 7.9% 17.4 0.88 (0.78-1.01) 0.065

Q4 14.3%

323

1.10 (0.96-1.26) 0.175 15.7% 35.6 0.95 (0.83-1.09) 0.468 10.2% 21.8 0.87 (0.77-0.99) 0.029

Table 3. Quartiles of the percentage of calories from usual intake of fatty acids and risk for heart disease
mortality among 45,820 adults. *“Mean percentage of calories from fatty acids in each quartile. "Mean amount
(grams) of fatty acid intake in each quartile. “Adjusted for age, sex, ethnicity, obesity, poverty-income ratio,
education, physical activity, alcohol consumption, smoking status, survey period, usual intake of protein
(natural log transformed), usual intake of carbohydrate (natural log transformed), systolic blood pressure
(natural log transformed), total cholesterol (natural log transformed), and hemoglobin Alc (natural log
transformed). CI Confidence interval, HR Hazard ratio, MI Myocardial infarction, MUFA Monounsaturated
fatty acid, PUFA Polyunsaturated fatty acid, Q Quartile, SFA Saturated fatty acid.

with missing data from the analysis or by using categorical variables (including an unknown category), or when
the analysis was further adjusted for body mass index and total energy intake.

The finding that intake of SFAs was not associated with heart disease mortality might, to a certain extent,
disagree with the American Heart Association’s position that SFAs are a major risk factor for coronary heart
disease (CHD) events*®. However, whether SFAs were associated with non-fatal CHD events in our study was
unknown. Our finding is consistent with a number of recent meta-analyses which showed that reductions of
saturated fat intake do not protect against heart disease mortality?>?. The high intake of SFAs could increase
total cholesterol; however, the magnitude of this increase was limited in this general cohort: a 5% higher calorie
intake from SFAs was only associated with a 2.9 mg/dL higher level of total cholesterol including a 2.2 mg/dL
higher level of LDL cholesterol. The small impact of SFAs on total cholesterol was consistent with a previous
study with a smaller sample size (N =99)% which showed that intake of total animal fat (mainly SFAs) was not
associated with plasma cholesterol levels. On the other hand, a 5% higher calorie intake from SFAs was associated
with a 0.4 mg/dL higher level of HDL cholesterol, which may be expected to protect against heart disease. This
observation was consistent with the study from Ekanayaka et al*® which showed that consumption of coconut
milk (primarily consisting of SFAs) was associated with an increase in HDL cholesterol in Sri Lankans. Therefore,
the lipid profile associated with higher SFA intake seemed balanced (Fig. 1).

This study also showed that intake of MUFAs was not associated with mortality from heart disease. This
finding was consistent with a number of meta-analyses of prospective cohort studies which showed that dietary
MUFA intake was not associated with coronary events and heart disease mortality**?7%,

The finding that PUFAs were inversely associated with heart disease mortality was consistent with some
RCTs>%%. It has been shown that increased PUFA intake reduces the severity of stenoses in the coronary
arteries'. The effects of PUFAs are generally thought to be mediated by lowering total cholesterol, LDL choles-
terol and triglyceride®; consistent with this, our results showed that higher intake of PUFAs was associated with
lower levels of total cholesterol, LDL cholesterol and triglyceride in the plasma. However, Dayton et al. suggested
that the protective effect of PUFAs against cardiovascular events may be not mediated by total cholesterol®. That
trial showed that higher intake of PUFAs decreased cardiovascular events in younger (< 65.5 years) but not
older participants; however, the extent of the decrease in the serum cholesterol associated with higher intake of
PUFAs was smaller in younger (11.7%) compared with older participants (13.7%)°. Similarly, the British Medical
Research Council Soy Oil trial’* showed that the relapse of angina and MI was not associated with cholesterol
levels at baseline nor with a change in cholesterol determined during the clinical trial. Our results showed that
PUFAs remained inversely associated with heart disease mortality after adjustment for total cholesterol, HDL
cholesterol, LDL cholesterol and triglyceride, suggesting that PUFAs may, at least in part, work through alter-
native mechanisms. Indeed, animal studies suggest that PUFAs may directly affect cardiomyocytes via their
receptors e.g., free fatty acid receptor 4 (FFAR4)*. However, whether this is the case in humans remains to be
investigated. In addition, PUFAs could work through anti-oxidative effects®'. Regardless of the exact mechanism,
our results suggest that increasing PUFA intake may be an effective preventive strategy to reduce heart disease
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Figure 1. Lipid profile associated with usual intake of fatty acids in 44,279 adults without a prior diagnosis

of myocardial infarction. (A-B), Higher usual intake of saturated fatty acids (SFAs, A) and monounsaturated
fatty acids (MUFAs, B) was associated with higher low-density lipoprotein cholesterol (LDL-C), higher total
cholesterol (TC), higher high-density lipoprotein cholesterol (HDL-C) and lower triglyceride (TG). (C), Higher
usual intake of polyunsaturated fatty acids (PUFAs) was associated with higher HDL-C, lower LDL-C, lower
TC, and lower TG. (D) The extent of change in lipid profile associated with a 5% higher calorie intake from fatty
acids. This figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative
Commons Attribution 3.0 unported license.

SFA MUFA PUFA
Models HR (95% CI) Pvalue | HR (95% CI) Pvalue | HR (95% CI) P value
Model 1 1.04 (0.95-1.13) | 0.413 0.96 (0.88-1.04) | 0.340 0.89 (0.80-0.99) | 0.032
Model 2 | 1.04 (0.95-1.13) | 0.385 | 0.96 (0.88-1.05) |0.351 | 0.89 (0.80-0.99) | 0.035

Table 4. A 5% higher calorie intake from usual intake of fatty acids and heart disease mortality risk with
further adjustment for LDL cholesterol, HDL cholesterol, and triglyceride among 44,279 adults without a prior
diagnosis of MI. Model 1: adjusted for age, sex, ethnicity, obesity, poverty-income ratio, education, physical
activity, alcohol consumption, smoking status, survey period, usual intake of protein (natural log transformed),
usual intake of carbohydrate (natural log transformed), systolic blood pressure (natural log transformed), total
cholesterol (natural log transformed), and hemoglobin A, (natural log transformed). Model 2: adjusted for

all the factors in Model 1 plus LDL cholesterol, HDL cholesterol (natural log transformed), and triglyceride
(natural log transformed). CI Confidence interval, HDL High-density lipoprotein, HR Hazard ratio, LDL Low-
density lipoprotein, MI Myocardial infarction, MUFA Monounsaturated fatty acid, PUFA Polyunsaturated fatty
acid, SFA Saturated fatty acid.
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mortality in the general population. In addition, our study suggested that the inverse association of dietary PUFAs
with heart disease mortality was mainly attributed to n6 fatty acids. This result is consistent with a recent analysis
of 30 cohort studies which showed that higher circulating and tissue levels of linoleic acid (the major dietary n6
fatty acid) were associated with a lower risk of major cardiovascular events and mortality*.

This study found that the inverse association between PUFA and heart disease mortality was present in those
without pre-existing MI, but not in those with the condition. The reason for this is not clear. It is possible that
PUFAs inhibit the progression of atherosclerosis but do not improve the stability of the plaque. In those with MI,
i.e., well-established coronary atherosclerosis, higher PUFA can still inhibit the progression of atherosclerosis in
the coronary arteries'. However, MI has been found to frequently develop from previous non-severe lesions®,
and the severity of the coronary stenosis on angiogram before MI is not associated with the time from this initial
angiogram to acute MI*%. These studies suggested MI and death in those with established coronary atherosclerosis
may depend more on the stability of the plaque rather than overall plaque burden. Our study, together with some
RCTs showing that higher PUFAs were not associated with protective effects against re-infarction'>"’, suggests
that PUFAs may not improve the stability of established atherosclerotic plaques. In fact, the Sydney Diet Heart
Study® and the Rose Corn Oil trial'? suggested that PUFAs may even reduce the stability of established athero-
sclerosis as the intervention showed worsened heart disease survival. Overall, our results, together with other
reports'>>1720 suggest that increasing PUFA intake might not reduce heart disease mortality in those who are
suffering from coronary heart disease in the general public.

The mean percentage of calories from PUFAs in our study was 7.4%, which was higher than the mean of
5.7% in the control groups of the available RCTs (Supplementary Table 2). This is expected as all these RCTs
were conducted before 1992: a period when the American Heart Association’s public health messages might be
expected to have increased the intake of PUFAs in the US general public*®. Of note, the mean percentage of
calories from PUFAs of 17.2% in the intervention groups of the published RCTs is much higher than the mean
of 10.2% in the highest quartiles in the general public in our study. The percentage of calories from PUFAs in
the Medical Research Council Soy Oil Trial'® was 31.3% (85 g soybean oil per day) and at least 43 g of oil per day
was reported to be drunk with fruit juice'®. Therefore, the very high doses of PUFAs in these RCTs do not likely
mimic the levels that arise through regular dietary intake in the general public.

The high doses of PUFAs in those RCTs are reflected by a large drop in cholesterol in the blood (mean drop,
30.6 mg/dL; Supplementary Table 2). However, coronary heart disease events were not associated with the extent
of decrease in cholesterol during the trial'}; those high doses of PUFAs could even worsen coronary heart disease
outcomes'>?’; and the Minnesota Coronary Survey*! showed that each 30 mg/dL reduction in serum cholesterol
during the trial was associated with a 22% higher risk of death. Therefore, these results suggest that the high doses
of dietary PUFAs used in many RCTs might have toxic effects. Consequently, some meta-analysis reports showed
that increasing dietary intake of PUFAs in RCTs failed to show protection against heart disease mortality?**..

Our study suggests that a new RCT may be warranted to test the effect of PUFAs on heart disease events and
mortality in at-risk individuals with low intake of PUFAs, in which the intervention increases PUFA to more
modest levels (e.g., 10-11%, equivalent to the mean level in the highest quartile of our study) (Fig. 2). In addi-
tion, such an RCT would likely focus on those without established coronary heart disease to test the primary
preventive effect of PUFAs. Positive findings from such a trial would have profound public health implications,
given that heart disease mortality accounts for about one third of all deaths’.

It has been well known that food choice affects health. For example, the western diet increases cardiovascular
mortality risk whereas healthy foods (e.g., fish and whole grain) could decrease it*. The major food sources of
the fatty acids in this study were listed in Supplementary Table 15). Overall, the diet with high PUFA contained
more healthy-food items such as fish, sunflower seed, flax seed, and nuts. Whether the food sources of fatty acids
affect the associations between fatty acids and heart disease mortality in our study is unclear. Of note, French
fries represented a major source of PUFAs (Supplementary Table 15). French fries are generally perceived as less
healthy; however, two recent studies showed that French fries were not associated with cardiovascular disease
mortality®®’.

Strengths and limitations. This study has several strengths. First, it has a large sample size (N =45,820).
Second, these participants were selected to represent noninstitutionalised US civilian persons. Therefore, the
findings and conclusions of this study could be extrapolated to the general noninstitutionalised US adult popula-
tion. Third, the analyses were adjusted for a number of common confounding factors. Several limitations are also
identified in this study. First, mortality outcomes were ascertained by linkage to the NDI records with a proba-
bilistic match, which may lead to misclassification. However, a prior validation study showed high accuracy of
the matching method (98.5%)*. Second, the findings of this study exclude those living in institutions such as
nursing homes and prisons. Third, dietary and lifestyle changes over time were not assessed which may lead to
misclassification. Nevertheless, in epidemiological analysis, this misclassification tends to result in an underesti-
mate rather than an overestimate of risk because of the effect of regression dilution bias®.

In conclusion, this study suggests that higher intake of PUFAs, but not SFAs nor MUFAs, is associated with
a lower risk of heart disease mortality. The inverse association between PUFAs and heart disease mortality was
only present in those without a prior diagnosis of MI. Our results suggest that increasing PUFA intake may
be an effective primary preventive strategy to reduce heart disease mortality in the general public, and thus a
future RCT aimed at increasing PUFA intake to 10-11% of the total calorie intake may be warranted to test this
hypothesis (Fig. 2).
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Available RCTs on dietary PUFAs Dietary PUFAs in general public
Lowest quartile Highest quartile

Heart disease death: 1 in 3

Future RCTs on dietary PUFAs
Target population o Low dietary intake
o No existing coronary heart disease
Intervention target level e ~10%-11% of total calories

Figure 2. Suggestions for future randomised controlled trials (RCTs) investigating dietary polyunsaturated
fatty acids (PUFAs) on heart disease mortality. Available RCTs suggest that dietary PUFAs may not protect
against heart disease mortality overall. However, those trials used high doses of dietary PUFAs, which do not
likely mimic diet in the general public, and the high doses of dietary PUFAs used in many RCTs might have
toxic effects. Some meta-analysis reports showed that increasing dietary intake of PUFAs in RCTs failed to show
protection against heart disease mortality. Our results showed that, in people from the general public who did
not have a prior diagnosis of myocardial infarction (MI), those with PUFA intake in the highest quartile had a
13% lower heart disease mortality risk compared to those in the lowest quartile. Future RCTs could target those
without established coronary heart disease and with low dietary PUFA intake, with the intervention to increase
PUFA intake to more modest levels (e.g., 10-11%, equivalent to the mean level in the highest quartile of our
study).

Methods

Study participants. NHANES is a continuous, nationally representative survey consisting of about 5,000
non-institutionalised persons each year*’. A total of 54,960 adults aged > 20 years attended the NHANES exami-
nation at the Mobile Examination Center from 1988 to 2014 and had dietary intake data which were reliable
and met the minimum criteria (judged by National Center for Health Statistics staff). The following participants
were excluded progressively: those without a follow-up time or with a follow-up time of 0 month (N =76), those
without MI status (N =270), those with a mean total caloric intake of 0 kcal (N=2), and those who died of a
cause other than heart disease (N =8,792). Therefore, a total of 45,820 participants were included in the final
analysis (Supplementary Figure 1).

Ethical considerations. The study was conducted following the ethical standards laid down in the Decla-
ration of Helsinki. It was approved by the NHANES Institutional Review Board (currently known as National
Center for Health Statistics Research Ethics Review Board). All participants provided written informed consent.
All participant records were anonymised before being accessed by the authors*’.

Dietary intake of fatty acids. Dietary intake data were obtained from two automated multiple-pass 24-h
dietary recall interviews. The first interview (Day 1) was collected in person in the Mobile Examination Center
and the second (Day 2) was collected by telephone 3 to 10 days later*’. Dietary intake of fatty acids (SFAs,
MUFAs, and PUFAs) on each dietary interview day was directly obtained from the NHANES datasets, and these
two sets of data were used to determine daily usual intake or mean intake for further analysis.

Daily usual intake of fatty acids for each participant was determined as previously reported* using the MSM
program** with survey day (Day 1 or Day 2) and a weekend day flag (Friday/Saturday/Sunday versus others) as
covariates*. The MSM program, a web-based statistics package for estimating usual dietary intake, was accessed
through the following address: https://msm.dife.de. Daily usual intake of fatty acids was expressed as either the
percentage of calories from fatty acids or grams of fatty acids. The former was calculated using the following
formula“: percentage of calories from fatty acids = (grams of fatty acids X 9 / total calorie intake in kcal) X 100.

In the sensitivity analysis, the mean fatty acid intake from the two survey days*” was used instead of usual
intake.

Mortality from heart disease. Data on mortality from heart disease (100-109, I11, 113, 120-151) were
retrieved from NHANES-linked mortality files*!. To evaluate mortality status and the cause of death, the National
Center for Health Statistics conducted probabilistic matching® to link the NHANES data with death certificate
records from the National Death Index (NDI) records. The NHANES-linked mortality files used the Underly-
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ing Cause of Death 113 (UCOD_113) code to recode all deaths according to the International Classification
of Diseases, 9th Revision (ICD-9) or the International Classification of Diseases, 10th Revision (ICD-10) for
underlying cause of death. Follow-up time was the duration from the time when the participant was examined
at the Mobile Examination Center until death, or until the end of follow-up (December 31, 2015), whichever
occurred first*!.

Covariates. Confounding covariates were similar to previous reports**’. They included age (continuous),
sex (male or female), ethnicity (Hispanic, non-Hispanic white, non-Hispanic black, or other), obesity (under-
weight, normal, overweight, obese, or unknown), education (<high school, high school,>high school, or
unknown), poverty-income ratio (< 130%, 130%-349%, > 350%, or unknown), and survey periods (1988-1991,
1991-1994, 1999-2000, 2001-2002, 2003-2004, 2005-2006, 2007-2008, 2009-2010, 2011-2012, or 2013-2014).
Lifestyle confounders included physical activity (inactive, insufficiently active, or active), alcohol consumption
(never,<1 drink per week, 1-6 drinks per week,>7 drinks per week, or unknown), and smoking status (past
smoker, current smoker, non-smoker, or unknown). Clinical confounders included systolic blood pressure (con-
tinuous), total cholesterol (continuous), and hemoglobin A, (continuous); self-reported physician diagnoses
(yes, no, or unknown) of hypertension, hypercholesterolemia, and diabetes were used in the sensitivity analysis.
In addition, the usual intake of protein and carbohydrate (continuous) and plasma levels of low-density lipopro-
tein (LDL) cholesterol (continuous), high-density lipoprotein (HDL) cholesterol (continuous), and triglyceride
(continuous) were also adjusted in the analysis.

Statistical analyses. Data were presented as mean and standard deviation for normally distributed con-
tinuous variables, or median and interquartile range for non-normally distributed continuous variables, or
number and percentage for categorical variables®!. Differences in age between two groups were analysed using
Student’s T-test, and differences in usual intake of fatty acids, protein and carbohydrate between two groups
were analysed using the Mann-Whitney U test. Differences among categorical variables were analysed using
Pearson’s Chi-square test. Cox proportional hazards models*>** were used to calculate hazard ratios (HRs) and
95% confidence intervals (Cls) of usual intake of fatty acids for mortality from heart disease. The associations
between the percentage of calories from fatty acids and plasma lipids were analysed by simple linear regression.
Sub-analyses were conducted in sub-cohorts of participants stratified by prior diagnosis of MI. We chose to use
a 5% difference in fatty acid intake in the analyses because the difference in the percentage of calorie intake from
PUFAs between those in the top and bottom quartiles was about 5%.

In the main analyses, imputed values for systolic blood pressure, total cholesterol, and hemoglobin A, _were
used. Among 45,820 participants, 3,260 participants had missing values in either systolic blood pressure, total
cholesterol, or hemoglobin A .. These missing data were imputed through a multiple imputation approach using
chained equations, with 20 imputed data sets being created*®. Little’s test showed that the missing data were not
missing completely at random (P <0.001).

In the sub-analysis, PUFAs were further classified as n3 and n6 fatty acids as previously described™. In brief,
n3 fatty acids were a sum of linolenic acid (18:3), stearidonic acid (18:4), eicosapentaenoic acid (20:5, EPA),
docosapentaenoic acid (22:5, DPA), and docosahexaenoic acid (22:6, DHA), and n6 fatty acids were a sum of
linoleic acid (18:2) and arachidonic acid (20:4).

In the sensitivity analysis, imputed data were not used, via (1) using categorical variables (i.e., hypertension,
hypercholesterolemia, and diabetes, with an unknown category) or (2) excluding those 3,260 participants who
had missing data from the analysis. In addition, sensitivity analyses were conducted by further adjustment for
(1) C-reactive protein, (2) total energy intake, and (3) the use of aspirin and statin. Sensitivity analyses were also
conducted by excluding those participants who had a mean total caloric intake of < 500 kcal or > 3500 kcal/day,
or replacing total cholesterol with LDL cholesterol for adjustment.

The null hypothesis was rejected for two-sided P values of <0.05. All analyses were performed using SPSS
version 27.0 (IBM SPSS Statistics for Windows, Armonk, NY, IBM Corporation).

Data availability
All data in the current analysis are publicly available on the NHANES website.
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